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Abstract

This paper describes the ultrasonic-assisted incremental microforming of thin shell pyramids of aluminum foil. A
single point tool with a tip radius of 100 um rotated and vertically vibrated with an ultrasonic spindle was used for
improving the shape accuracy of pyramids formed on 6.5 and 12 um-thick aluminum foils. The formability was also
investigated by comparing the forming limits of shell structures formed with and without ultrasonic vibration. The
shapes of pyramids incrementally formed were a truncated pyramid, twisted pyramid, stepwise pyramid and star
pyramid in a size of around a millimeter. It was found that the ultrasonic vibration can improve the shape accuracy
of the formed pyramids. In addition, laser heating can increase the forming limit of aluminum foil and it is more

effective when the ultrasonic vibration is added.
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1. Introduction

Incremental forming with a single point tool is
regarded as a rapid prototyping process for sheet
metal forming [1]. Because this forming technology is
much larger in forming limit than ordinary forming
methods [2], it can be applied to the fabrication of
sheet metal parts without special care. This
technology also can be applied to microforming of the
miniature shell structures of aluminium and other
metallic foils [3-6]. The preparation of backing plates
with various shapes, which are used for ordinary
incremental forming, is not real for incremental
forming of micro parts. Thus, no backing plate is
needed for the developed microforming technology.
However, the accuracy of microshell structures
formed without using a backing plate should be
improved. In this paper, ultrasonic assisted
incremental microforming technology has been
developed using an ultrasonic spindle for improving
the accuracy of microshell structures formed of
aluminium foil.

2. Methodology

An incremental microforming machine with an
ultrasonic spindle is shown in Fig. 1. It is put on a
vibration-free table for insulating disturbances. It is
composed of an x-y table, z stage, ultrasonic spindle,
forming tool, blank holder, base, column and laser
and its optical system. The ultrasonic spindle has a
vibration direction parallel to the axis of the spindle.
The vibration frequency is 42.5 kHz and the
amplitude of the ultrasonic vibration is set to be 0.5
pm, the minimum amplitude of the spindle. The x-y
table and z-stage are controlled with a personal
computer numerically. Their resolutions of motion are
0.01 um, which are small enough to fabricate a shell
structure of the order of one millimeter.
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Fig. 1. Desktop microforming machine.

Aluminum foil A8021 used for microforming is 6.5
or 12 um-thick. The elongation of these aluminium
foils is usually only about five percent. A blank sheet
is put on matte side up between the tensioner and O-

ring and clamped in a blank holder as shown in Fig. 2.

The holder can apply an appropriate size of tension to
a blank by adjusting the sizes of a tensioner and O-
ring [4-6]. This method for applying tension to a blank
was also adopted in reference [7]. As described
elsewhere [4-6] in details, no backing plate supporting
a blank is used because miniaturization of a backing
plate is not easy.

A single point forming tool of ultra-fine grain
cemented carbide with a tip radius of R = 100 um is
used in this study (Fig. 3). Before starting
microforming, z-position of the top surface of a blank
was determined accurately by detecting the contact
between the tool and blank. n-propyl alcohol is used

Proceedings of the 4M/IWMF2016 Conference

Edited by Guido Tosello, Hans Ngrgaard Hansen, Kornel Ehmann and Stefan Dimov
Copyright (© 2016 4M/IWMF 2016 Organisers :: Published by Research Publishing
ISBN: 978-981-11-0749-8 :: doi:10.3850/978-981-11-0749-8_697

223



Top plate —
Pa =

Middle plate 4,
le = 7
Rubber sheet "/&/

& O-ring

Blank —< =7
_— Tensioner d;
Base plate.

&%—? ‘ P_ﬂb

Fig. 2. Blank holder and tensioner.

Fig. 3. Microtool for incremental microforming.

as lubricant for avoiding adhesion and abrasion
between the forming tool and blank. High speed
rotation of the tool generates the hydrodynamic
pressure between the rotating tool and blank being
formed. Under this condition, the alcohol may
penetrate into the interface between them if the
contact stress is low.

Incremental microforming process of a triangular
pyramid, for example, is shown in Fig. 4, where D is
the diameter of a circumscribed circle of a base of a
pyramid; « is a half apex angle defined as an angle
between a lateral edge and a vertical line through an
apex, while @is a half apex angle defined as an angle
between a triangular lateral face and the vertical line;
t is the thickness of a blank, @ is the tool rotational
speed and Az is the axial feed per a planar tool path.
The side length of a triangular tool path on a plane
shrinks step by step. The tool rotational speed @ and
table speed v; were set to be 5000 min™ and 200
um/s. The axial feed Az was 5.0 and 12 pum for 6.5
and 12 pm-thick aluminum foils, respectively. When
the forming was conducted under the condition of
laser heating, the forming area of the foil was
irradiated from the top of a pyramid (from the below of
a pyramid) using a semiconductor laser of 130 mW;
the laser beam was reflected using a prism under the
blank holder.

The elongation e of a triangular lateral face in
percent is given by

e =100 (cosec 6—1), (1)

while the logarithmic strain ¢ corresponding to the
elongation e is

£=1In (cosec 9). 2)

Both the elongation and strain increase with
decreasing half apex angle.
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Fig. 4. Schematic diagram of tool path and foil deformation
during forming of a triangular pyramid.

3. Results and discussion

The influence of ultrasonic vibration on the
forming limit of a truncated pyramid of 6.5 um-thick
aluminum foil is shown in Fig. 5, whereas, those of
ultrasonic vibration and laser heating on the forming
limit is shown in Fig. 6. The diameter of a
circumscribed circle of a square pyramid base D was
1.41 mm. Forming conditions of with and without
ultrasonic vibration are denoted as V and NV,
respectively and those of with and without laser
heating are denoted as H and NH, respectively. In
these figures the values of half apex angle 6 and
corresponding strain ¢ are written in rows above
micrographs of the top views of formed pyramids. The
value of @is changed step by step so that the value of
gincreases by about 0.05.

It is seen in Fig. 5 that square pyramids of 6 =
39.5° was formed without cracks under the conditions
of with and without ultrasonic vibration, but cracks
grew especially along the lateral edges of pyramids of
6= 37.4° formed under both the conditions. Thus, the
forming limit & was 0.45 for the condition of without
laser heating and the ultrasonic vibration increased
the forming limit marginally. The forming limit
obtained above indicated that n-propyl alcohol is a
little poor lubricant compared with pure water [4,5] in
incremental microforming of aluminum foil.

In the case of laser heating, it is found from Fig.
6 that & was 0.55 and 0.50 for the conditions of with
and without ultrasonic vibration, respectively. This
indicates that the laser heating can increase the
forming limit of the aluminum foil and it is more
effective when the ultrasonic vibration is applied.
Because only a pinhole was found on a pyramid of &
= 32.9° under the conditions of with both ultrasonic
vibration and laser heating, optimization of forming
parameters may increase the forming limit under
these conditions. It should be noted that elongation
for 6= 35.2°, which is calculated to be 73.4% from Eq.
(1), is more than ten times as large as that of about
5% obtained for tensile test.
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Fig. 5. Forming limits for truncated pyramids with and
without ultrasonic vibration (V and NV) and

6 37.4° 35.2°
& 0.50 0.55
NV
&
H
\Y
&
H
6 32.9° 30.0°
& 0.61 0.69
\Y
&
H
o 10
Pin hole mm

without laser heating (NH)

Fig. 6. Forming limits for truncated pyramids with and
without ultrasonic vibration (V and NV) and
with laser heating (H)

In addition to the formability, it is confirmed that
almost all the cracks appeared on the lateral edges of
formed pyramids. This fact is consistent with the
results obtained in reference [6], that a crack
nucleated on a pyramid edge in the microforming of
aluminum foil, whereas it nucleated on a triangular

pyramid face in the microforming of stainless steel foil.
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(@) Vv (b) NV
Fig. 7. Top views of twisted pyramids formed with and
without ultrasonic vibration

Magnified center part of bottom view
(a) With ultrasonic vibration

Bottom view

o

Magnified center part of bottom view
(b) Without ultrasonic vibration
Fig. 8. Top and bottom views of star pyramids formed with
and without ultrasonic vibration

The effect of ultrasonic vibration assistance on
the shape accuracy in incremental microforming was
investigated by forming a twisted pyramid of 6.5 um-
thick aluminum foil and a star pyramid of 12 pm-thick
aluminum foil with and without ultrasonic vibration.
Diameter D was 1.41 mm for the twisted pyramid and
1.60 mm for the star pyramid. Fig. 7 shows the top
views of the twisted pyramids incrementally formed.
The surfaces and edges of the pyramid made by
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ultrasonic assisted microforming are much smoother
and not wavier than those by ordinary microforming
without ultrasonic vibration. The top and bottom views
of star pyramids formed with and without ultrasonic
vibration are shown in Fig. 8. It is seen that not only
the convex parts but also the concave parts are
formed well, much better than expected. According to
the top views, there does not seem to be significant
difference in shape accuracy between the two
pyramids formed with and without ultrasonic vibration.
However, it is confirmed from the bottom views and
more clearly from the magnified center of the bottom
views that the traces of tool path near the center of
pyramid on the bottom surface is a nearly regular
pentagon for ultrasonic assisted microforming, whilst
it is heavily distorted for the ordinary microforming.
Results in Figs. 7 and 8 prove that the ultrasonic
vibration can improve the shape accuracy of the
formed pyramids. Other pyramids formed in this study
using aluminum foil are a pyramid like sunflower of D
= 1.72 mm a stepwise pyramid of D = 1.41 mm
shown in Fig. 9. They were formed well using
ultrasonic incremental microforming.

As described above, the ultrasonic vibration was
effective in improving the shape accuracy of a twisted
pyramid and a star pyramid, whilst the ultrasonic
vibration and laser heating were not so effective for
truncated pyramids. In contrast, they were able to
improve the shape accuracy of a truncated pyramid of
8 um-thick stainless steel foil, which is much stiffer
than 6.5 pm-thick aluminum foil. Two pyramids of
stainless steel foil of D = 1.0 mm were formed under
NV and NH conditions and under V and H conditions.
Their profiles measured with a confocal laser
displacement meter along line AB of an attached
figure are shown in Figs. 9(a) and (b). It is seen that
the line of lateral face is connected with the base line
via a curved line with a small radius under V and H
conditions. However, neither the ultrasonic vibration
nor the laser heating increased the forming limit of a
square pyramid of stainless steel foil.

4. Conclusions

Single point incremental microforming of thin
shell pyramids of aluminum foil was conducted under
the conditions of with and without ultrasonic vibration
and with and without laser heating. It is found that the
laser heating can improve the forming limit of a
square pyramid of 6.5 um-thick aluminum foil and it is
more effective when ultrasonic vibration was applied
in addition to laser heating. The elongation obtained
under the assistance of ultrasonic vibration and laser
heating was 73.4%, more than ten times as large as
that obtained by tensile test. It is confirmed that the
assistance of ultrasonic vibration can improve the
shape accuracy of a twisted pyramid of 6.5 um-thick
aluminum foil and a star pyramid of 12 pm-thick
aluminum foil.
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(a) (b)
Fig. 9. A pyramid like sunflower (a) and a stepwise pyramid
(b) formed by ultrasonic incremental microforming
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(a) NV & NH (B)V&H
Fig. 9. Profiles of pyramids of stainless steel foil under
different conditions.
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